INTRODUCTION
Retroviral DNA integration into the human genome is an essential step in HIV replication (1, 2) . After reverse transcription of HIV genomic RNA, the viral integrase (IN) protein mediates the DNA integration process by catalyzing two distinct reactions: (i) sitespecific cleavage of two nucleotides from both 3' viral DNA ends (donor cut) and (ii) integration of the recessed viral DNA into the host genome (for recent reviews see ref. (3) (4) (5) ). Purified, recombinant HIV IN was found to mediate donor cleavage and strand transfer (6) (7) (8) (9) (10) (11) (12) as well as disintegration, which was described as the reversal of the integration reaction (13). By analysis of deletion mutants of IN, three independent domains have been identified in the protein (14, 15) . The N-terminal region contains a zinc-finger motif (His-X 3 -His-X 2 o-3o-Cys-X 2 -Cys), which is conserved among retroviral and retrotransposon IN proteins (16, 17) . Although the function of this domain is not clear, it was found that this region can bind zinc ions (14,18) and it is necessary for specific IN activities (14,15). The second conserved region is the central catalytic domain. It contains the conserved DD(35)E motif (16, 17) with the putative active site residues D64, D116 and E152 (2, 11, (19) (20) (21) . In the C-terminal part of the IN protein a DNA-binding region was identified (15, 16, 22, 23) . The DNA-binding characteristics of the full-length protein and deletion derivatives which contain the C-terminal region are similar in the way that they bind both viral DNA and non-specific DNA with approximately similar efficiencies (10, (22) (23) (24) (25) . From kinetic studies of IN from Rous sarcoma virus (RSV), it was suggested that IN is active as dimer or multimer (26) . Protein mixing experiments, in which HIV IN proteins mutated in different domains could complement each other (27, 28) , also demonstrated an active multimeric state of IN (for discussion see Vink and Plasterk (3) ).
In order to further characterize the DNA-binding region of IN, we defined the boundaries of this domain by deletion analysis and studied its biochemical properties. The minimal DNA-binding domain of HIV-1 IN was expressed in Escherichia coli and purified to homogeneity. In addition, we investigated the role of several (partially) conserved amino acid residues in this region.
MATERIALS AND METHODS

DNA techniques
DNA sequences encoding polypeptides of the C-terminal part of HIV-1 IN were fused to the malE gene in expression vector pMAL-c (New England Biolabs). To clone these DNA fragments, a polymerase chain reaction (PCR) was performed using oligonucleotides containing either a BamHl, Nhel or Spel restriction site. The IN gene in plasmid pRP619 (15) was used as template DNA in the PCR reaction. The BamHVSpel or BamHl/Nhel PCR-fragments were purified and ligated to the BamHl/Xbal digested vector pMAL-c.
To clone the DNA fragment of HTV-1 IN encoding the minimal DNA-binding region (IN 22 o-27o) a PCR reaction was performed using pRP619 as template and the following oligonucleotides as primer:
AB4039: AGGTCACATATGATTCAAAATTTTCGGGTT(MfeI) and AB4041: GCCATCGGATCCTTAGTGGTGATGGTGATGGTGATCC-CTAATGATCTT (.BamHl).
The latter oligonucleotide contains six codons for a 6xhistidine tag (6xHis tag). The amplified DNA fragment was gel purified, digested with BamHl and Ndel and subsequently cloned into the expression vector pET3c (29) resulting in plasmid pRP941.
*To whom correspondence should be addressed Point mutations in HIV-2 IN (see Fig. 5C ) were generated by site-directed mutagenesis as described by van Gent et al. (21) . DNA fragments encoding the DNA binding region of HIV-2 IN (amino acids 210-270) and containing point mutations were amplified in a PCR reaction with the following oligonucleotides: AB3839: AGGTCAGGATCCATACAATTCCTCCAAGCCAAA (BamHT) and AB3840: AGTGCCACTAGTCTCTGATGATCTTGGC (Spel).
After purification, these 192 bp fragments were cloned into BamHVXbal sites of pMALc.
Expression and purification of proteins E.coli strain JM101 was transformed with the various pMal-c derivatives. Upon induction with 0.3 mM isopropyl-|3-Dthiogalactopyranoside (IPTG), the IN polypeptides fused to maltose binding protein (MBP) were purified by an amylose affinity column as described previously (15) .
Wild type and mutant HFV-2 IN proteins were expressed in E.coli strain BL21(DE3) pLysS, purified and immobilized on thiopropyl Sepharose beads as described before (21) .
Plasmid pRP941 was introduced into BL21(DE3) pLysS and expression was induced by adding 0.3 mM IPTG. Cells were lysed under denaturing conditions in buffer H (25 mM Hepes pH 7.5, 1 M NaCl, 6 M guanidiniumchloride, 0.1 mM EDTA and 1 mM /3-mercaptoethanol) supplemented with 5 mM imidazole. After sonication, the lysate was cleared by centrifugation (10,000xg for 20 min) and diluted with one volume buffer H (without NaCl). The cleared lysate was loaded on a nickel-chelating column (Ni-NTA; Qiagen) and washed twice with buffer H (5 and 20 mM imidazole, respectively). Protein IN 22 o-27o6xHis was eluted in buffer H (200 mM imidazole) and peak fractions were further purified by gelfiltration over a Sephacryl S-100 (Pharmacia) column adjusted in buffer H containing 0.5 M NaCl. The eluted protein was renatured by dialysis against 25 mM Hepes pH 7.5, 100 mM NaCl, 0.1 mM EDTA and 1 mM /3-mercaptoethanol at 4 °C. Protein was subsequently loaded on a Heparin Sepharose CL-6B (Pharmacia) column and eluted with a linear gradient from 0.1 to 2 M NaCl in buffer H (without guanidiniumchloride). Thehomogeneity of IN 220 _ 270 6 x His was analyzed on denaturing 16.5% tricine polyacrylamide gels (30) .
DNA binding assays
Southwestern blot analysis was carried out as described by Woerner et al. (23) using plasmid PiAN7 as (non-specific) probe. The plasmid was radiolabeled by random priming in the presence of (a-32 P)dATP (31) . In UV-crosslinking experiments, typically 20 nM 32 P-labelled viral oligonucleotides (TTAGTCAGTGTGGAAAATCTCTA-GCAGT) annealed with the complement bottom strand, 0.3 fiM protein (MBP-or 6 xHis-fusion protein) 25 mM Hepes pH 7.5, 50 mM NaCl, 1 mM MnCl 2 (or when indicated 1 mM MgCl 2 , without divalent cations, 1 or 2 mM EDTA, respectively), 0.5% Tween 20, 2% glycerol and 0.1 mM /3-mercaptoethanol were incubated in a volume of 20 ii\ for 30 min on ice. Reaction mixtures were irradiated for 5 min on ice on a 'Chromato-vue' transluminator (254 ran, 50 Hz, 0.6 A, Ultraviolet products Inc.) and stopped by adding one volume protein loading buffer.
Cleavage assay
Site-specific cleavage of oligonucleotides containing HIV-2 U5 LTR sequences was performed as described by van Gent et al. (21) . Reactions were analyzed on a 12% denaturing polyacrylamide gel followed by autoradiography. Activities were quantified by densitometry, using an Ultrascan XL Enhanced Laser Densitometer (LKB). We also tested DNA-binding activity by protein-DNA UVcrosslinking experiments. Proteins were incubated with radiolabeled DNA substrate, irradiated with UV-light (see Materials and Methods) and analyzed by SDS-PAGE followed by autoradiography (Fig.lC) . The estimated molecular weight of the major protein-DNA complex is approximately 80,000, which could correspond to a MBP-IN WT protein monomer (approximately 74 kDa) bound to a single-stranded 28-nucleotide DNA substrate (approximately 9 kDa). Also minor UVcrosslinked species could be observed with a lower mobility than the major UV-crosslinked product. The composition of these complexes is not understood; the molecular weight of these products is not in accordance with multimeric forms of IN bound to DNA. Proteins containing amino acids 220-270 (lanes 5 The results from southwestern blot analysis and UVcrosslinking analysis are summarized in figure ID. Although there is a slight difference in DNA-binding activities in the two assays, our results demonstrate that a region of 50 amino acids, located between IN amino acids 220 and 270, is sufficient for DNA binding.
RESULTS
Fine
To determine whether DNA-binding activities obtained with the MBP-fusion proteins were influenced by the MBP part of the fusion protein, we tested a polypeptide containing amino acids 220-270 of HTV-1 IN as fusion protein to a C-terminal 6 xHis tag. The corresponding protein of approximately 6 kDa was purified under denaturing conditions (see Materials and Methods) and the homogeneity of the protein preparation was analyzed b> SDS-PAGE (Fig.2) . In contrast to the full-length IN protein, IN 22 o-27o6xHis is soluble in 50 mM NaCl after renaturation and does not seem to aggregate when it is concentrated up to 20 mg/ml (data not shown). Similar to the MBP-fusion proteins, the IN220-2706 XHis protein binds DNA in both DNA-binding assays southwestern blot analysis (Fig.2 lane 3) and UVcrosslinking (Fig.3B) (Fig.3) . Both the MBP-fusion protein (MBP-IN 2 i 5 _27o; Fig.3A ) and the His-tagged protein (IN 2 2o-27o6xHis; Fig.3B ) bind DNA either in the absence or presence of divalent cations. The UV-crosslinking efficiency is somewhat more efficient in the presence of either Mg 2+ or Mn 2+ . We also performed UV-crosslinking analysis in the presence of EDTA to remove traces of divalent cations, which could remain associated with the protein during protein purification ( Fig.3 lanes 2 and 3) . The level of DNA binding was only slightly reduced in the presence of EDTA than in the presence of divalent cations. This indicates that the integrase DNA-binding domain (IN220-270) binds DNA in an ionindependent fashion.
Mutational analysis of DNA-binding domain of HTV-2 IN
The DNA-binding domain of IN does not share obvious similarities with any of the known DNA-binding motifs, such as helix-turn-helix or zinc-finger motifs. Characteristic for this domain is the prevailing presence of basic amino acids (Fig.4) ; polypeptide IN 220 _ 270 n a s a predicted isoelectric point of 11.2. Because this domain only possesses non-specific DNA-binding activity, it is likely that the basic amino acids are involved in DNA binding via the phosphate backbone of the DNA substrate, rather than specific recognition of DNA bases. From amino acid sequence alignment of several retroviral integrase proteins, no highly conserved amino acids could be identified (Fig.4) , except for tryptophan at position 235 of HIV-1 IN, which is conserved among all integrases. In addition, several less well conserved amino acid residues can be seen. In order to identify amino acids which could be involved in protein-DNA contacts, we introduced point mutations in the HIV-2 IN gene and purified the corresponding mutant proteins. We selected mainly basic and aromatic amino acids and changed them to either polar or nonpolar amino acids, changing two or three amino acid positions at once, as depicted in figure 5C. 21 o-27O 0 a n e !)• However, another triple mutant R262D, R263V, K264E (lane 4) was not able to bind the DNA substrate. To further investigate which of the three amino acid substitutions in the latter mutant is responsible for loss of DNA binding, we generated the corresponding single point mutants. Mutation of either position R262 or R263 (lanes 5 and 7, respectively) does not result in altered in DNA binding activity compared to WT IN. However, mutation K264E shows strongly reduced DNA binding activity (lane 6).
We also investigated the effect of these mutations in the context of the full-length HIV-2 IN protein on specific cleavage and integration activity. As shown in Fig.5B In summary, we identified a stretch of three amino acids R262, R263 and K264 in the DNA-binding domain of HIV-2 IN which is necessary for DNA binding activity, site-specific cleavage and integration activity. Mutation K264E contributed most strongly to the reduced activity seen in the corresponding triple mutant, suggesting that K264 plays a criticalrole in DNA binding. Furthermore, all mutants tested were able to perform disintegration (data not shown), indicating that loss of IN activities is due to diminished DNA-binding activity and not due to decreased catalytic activity.
DISCUSSION
The viral integrase protein contains three functional domains: The N-terminal region, the catalytic domain and a DNA-binding domain (14- 16, 22, 23) . Previously, DNA-binding activity of IN has been mapped to the C-terminus of the protein (15, 16, 22, 23 Recombinant HTV integrase needs divalent cations for catalytic activity (6, 8) . It has been suggested, that IN coordinates divalent cations in the active site (19, 20) , similar to DNA polymerase I of E.coli (34) . We investigated whether DNA binding by the non-specific DNA binding domain IN220-270 is i°n dependent. Our results indicate that DNA binding of IN220-270 is not ion dependent and does not prefer Mn 2+ over Mg 2+ as observed for the site-specific cleavage and integration activity ofthe full-length protein (6, 8) .
IN discriminates between specific, viral DNA and non-specific DNA in functional in vitro assays (7, 9, 24, 35) . How does IN specifically recognize the viral DNA termini? We and others (10, 22, 23, 25, 36) could not demonstrate specific DNA binding of IN to viral LTR sequences. It has been proposed by Vincent et al. (12) , that the N-terminal HHCC region is involved in specific recognition of viral DNA termini. Here we defined a non specific, ion-independent DNA binding domain of IN, but we cannot rule out the existence of another DNA-binding region, which is not detected in the assays used. One possibility is that IN contains an as yet undefined DNA-binding domain which binds specifically to viral DNA ends and a second non-specific DNA-binding domain in the C-terminus. Another possibility is, that the C-terminal DNA-binding domain can bind DNA in a non-specific manner, but also in a specific manner upon interaction with other parts (domains) of IN, either of the same or another IN monomer. We favour the latter possibility. It was found that IN forms a stable complex with viral DNA in the presence of Mn 2+ . This stable binding requires the presence of an intact N-terminal domain, active site and C-terminal DNAbinding domain as well as specific viral DNA sequences (37) . It remains to be determined how IN specifically recognizes viral LTR sequences. In this respect, biochemical analysis of the viral pre-integration complex will certainly help to understand specific IN-DNA interactions. Several proteins have been detected in this complex (38, 39) , but it is not yet clear whether all or any of these play an essential role in the integration reaction (e.g. see Lapadat-Tapolsky et al. (40) ).
In addition, an important contribution to elucidation of the mechanism of retroviral integration is expected from the three dimensional structure of integrase. Until now, attempts to crystallize full-length IN for X-ray analysis have failed because of poor solubility of the protein. Alternatively, structural analysis by X-ray crystallography or NMR analysis of domains of IN (14,15) could be considered. Overproduction and elucidation of
